Higher order (up to the 5th order) zone-folded acoustic modes in ZnSe-ZnS strained-layer superlattices (SLSs) were observed by means of Raman scattering. Structural characterization of both periodicity of superlattices and roughness of the interface was done by means of transmission electron microscopy (TEM) . The Raman spectrum of zone-folded modes was well explained by the theoretical calculation which takes account of two observed structural characteristics of the sample, the periodicity of the superlattices, and the roughness of the interface. This clearly shows the strain does not matter to the observation of the zone-folded modes.
Raman spectroscopy is a very useful tool to study lattice dynamics, in semiconductor low-dimensional structures as well as bulk semiconductors. In the case of superlattices, new behavior of phonons, such as zone folding of acoustic phonons and confinement of optical phonons, are studied extensively. ' The spectra are sensitive to the periodicity, the roughness of the interface, and the stress. Most of II-VI semiconductors superlattices have a biaxial stress at the heterojunction interface due to the lattice mismatch. For example, stress-induced peak shifts of optical phonons were observed in strained-layer superlattices (SLSs) ? The spectra of zone-folded acoustic phonons were broad and only the first or second order was observed.3P4 One speculates that the lattice mismatch makes it difficult to establish high-quality epitaxial layers and to observe zone-folded modes.
The stress comes from two types of lattice mismatch which exists between SLSs and a substrate, and between the alternate layers in the SLSs. In this work, we were able to observe higher order doublet phonon modes, up to the 5th order, in ZnSe-ZnS SLSs whose average lattice constant5 is equal to that of a GaAs substrate. We tried to answer two questions here. One is why such higher order folded modes were observed. The other is whether or not the stress matters to the zone folding of phonon modes. A model calculation based on the transmission electron microscopy (TEM) data was used to consider these problems and it reproduced our zone-folded spectrum. It was found that our Raman spectrum reflects dominantly both the periodicity of the superlattices and the roughness of the interface rather than the stress.
A sample used in this work was ZnSe-ZnS SLSs grown by metalorganic molecular beam epitaxy (MOMBE) on a (100) GaAs substrate.5 The designed thickness of ZnSe and ZnS layers were 200 and 10 A, respectively. The average lattice constant of the SLSs was equal to the GaAs substrate in order to reduce the stress between the SLSS and the substrate. Raman scattering measurements were performed at room temperature with the 4579 h; line of an Ar ion laser in a quasibackscattering configuration. Raman spectrum was obtained by a double monochromator (Spex; 1403) and a photomultiplier.
Figure 1 (a) shows the Raman scattering spectrum of zone-folded longitudinal acoustic (LA) modes. The background was subtracted from the spectrum. It is probably originated from Rayleigh scattering and single particle excitations.6 Figure 1 (a) shows zone-folded doublet modes up to the 5th order. To our knowledge, it is the first observation of such higher order modes in II-VI SLSs. In the continuum limit, a phonon dispersion is given by the conventional Rytov model7 It is written by
where o and q are the phonon frequency and the superlattice wave vector, vi and v2 are the sound velocities of materials 1 and 2, d, and d, are the thicknesses of the two constituting layers, and d is the period defined by d=d, +d2. The coefficient K is defined by K= v,p,/vg,, where p1 and pz are the corresponding densities. The inset of Fig.  1 (a) shows the phonon dispersion calculated by using Eq.
( 1). We have used pi =5.266 g/cm3 for ZnSe and p2 =4.086 g/cm3 for ZnS.8 The sound velocities used in this calculation were stress-free values in bulk crystals (ZnSe:vi =4.054x lo5 cm/s, ZnS:vz=5.047X 10' cm/s).* The solid circles in the inset are observed peak frequencies of the folded modes. When the thicknesses dl and d2 are designed values 200 and 10 A, the calculated peak energies do not agree well with the observed ones. The period, d was estimated to be 205 A from the x-ray diffraction measurement,5 though the constituting layer thicknesses, d, and d,, were not obtained exactly. Therefore, we fixed the period, d, to be 205 A, and varied the layer thicknesses, d, and d2, to fit the all of the observed frequencies of the zone-folded modes. The fitted values of dl and d2 were 198 and 7 A, respectively. These values were used to calculate the dispersion shown in the inset of Fig. 1 (a) . The calculation tits the experimental data satisfactorily.
So far, zone-folded modes were observed in ZnTeZnSe3 and InAs-AlAs SLSs. It was suggested that the observed peak energies of the folded modes do not com- pletely agree with the calculated ones. This discrepancy was believed to be originated from the strain between the alternate layers. Recio et al." considered the effect of the strain on the sound velocities deduced from the stressinduced peak shifts of LO-Raman modes and Griineisen constants. We tried to include the stress effect on the sound velocities using their method. However, all the estimated peak energies were larger than the observed ones by -0.2 cm -'. The calculation does not fit the experimental data better than the stress-free calculation. Furthermore, it was found that the changing of the thicknesses by a few angstrom induces the peak shift of the folded modes more than the stress.
Figures 2(a) and 2(b) show low-and high-resolution TEM images of our sample, respectively. Figure 2(a) shows good periodicity of each layer. However, a large fluctuation exists near the interface, as shown in Fig. 2(b) . Figure 2(c) shows the histogram of the lattice points of ZnS. We obtained each data in the histogram by counting the lattice points of ZnS along the straight arrays of lattice points parallel to the interface plane. The full width at half maximum (FWHM) of the histogram is about four layers and it is a little larger than the fitted values for the thickness of the ZnS layer, 7 A. The position at the center of the ZnS layers is fluctuated. Therefore, the FWHM of the histogram is larger than the thickness of the ZnS layer.
The intensity of Raman scattering from the folded LA modes can be theoretically calculated by a photoelastic model, where the superlattices have bulk photoelastic coefficients P, and PI.' The photoelastic model has been used previously to predict the intensity of the folded modes" and to characterize the periodicity and roughness of the interface" in GaAs-Gafili-As superlattices. According to this model, the modulation of the photoelastic coefficient, P(z), along the growth direction z reflects the mod- where n, is the Bose factor, us1 is sound velocity of superlattices defined through d/vs~=d,/vl +d2/v2, and Q, is the mth order Fourier component of P(z). It is noted that we do not need the absolute values of P, and P2, but need only the line shape of P(z) in order to calculate the intensity of Raman spectrum. When P(z) is assumed to be a square-wave function, in an ideal case, the higher order Fourier component Q, decreases very slowly. This means that the higher order I, decreases very slowly. Since the square-wave assumption cannot reproduce our spectrum at all, we took account of the fluctuation of the periodicity and the interface roughness using the TEM data. The roughness of the interface was directly deduced from the distribution of ZnS layers, as shown in Fig. 2(c) . The fluctuation of the periodicity, that is the fluctuation of the ZnSe layer thickness, was deduced from two-dimensional densitometric data of the low-resolution TEM image [ Fig. 2 (a) ]. Thus, the profile of P(z) was obtained by taking account of the fluctuation of the periodicity and the roughness of the interface. Figure  3(a) shows the obtained profile of P(z). The intervals between the peaks, that is the fluctuation of the periodicity, are shown in Fig. 3(a) . Figure 3 of zone-folded modes was calculated, as shown in Fig.  1 (b) . The Raman spectrum reproduces the experimental data in the following two essential points: the higher order modes become wider and more than 6th order modes reduce their height obviously. In this calculation, we have assumed that the roughness of each layer interface is the same. If the roughness of each layer interface is taken into account, the intensity of the higher order zone-folded modes decreases more and the model calculation reproduces the Raman spectrum more precisely.
In conclusion, we have observed higher order (up to the 5th order) zone-folded acoustic modes in ZnSe-ZnS strained-layer superlattices (SLSs) by means of Raman scattering. We were able to reproduce our zone-folded spectrum using TEM data and a photoelastic model. The agreement between our calculation and the measurement shows that the Raman spectrum reflects dominantly the periodicity of the superlattices and the roughness of the interface.
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